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Herein, we demonstrate the first fabrication of stacked-layer heterostructure films (denoted as TP/EG) from thiophene (TP) nanosheets and electrochemically exfoliated graphene (EG) for high-rate and flexible ASSSs (TP/EG-ASSSs) and microsupercapacitors (TP/EG-MSCs) with superior rate capability and enhanced volumetric capacitance. The heterostructure films with a thickness of ≈105 nm are produced by alternating deposition of electrochemically EG nanosheets (≤3 layers) and redox-active conducting TP nanosheets (thickness of 3.5 nm) in sequence, and exhibit large-area uniformity. Notably, the produced films were directly transferred on a polyethylene terephthalate (PET) substrate and served as binder-and additivefree electrodes for flexible supercapacitors. Remarkably, the resulting TP/EG-ASSSs exhibited a pronounced pseudocapacitance contribution with strong redox peaks, and delivered an areal capacitance of ≈3.9 mF cm −2 and a volumetric capacitance of ≈375 F cm −3 , energy density of 13 mWh cm −3 and power density of 776 W cm −3 . Meanwhile, the TP/EG-MSCs can be operated at high rate of up to 1000 V s −1 , offering ultrahigh rate capability, e.g., with a landmark areal capacitance of 1.30 mF cm −2 and volumetric capacitance of 123 F cm −3 at 100 V s −1 , as well as unprecedented flexibility under different bending states.
With the dramatic developments of portable and wearable electronics, future energy storage devices become not only thin, light, and cheap, but also ultraflexible. [1] [2] [3] [4] [5] [6] All-solid-state supercapacitors (ASSSs) with robust mechanical flexibility and safety are considered as one competitive alternative to high power sources for full integration into the manufacturing process of electronics. [7] [8] [9] [10] In general, nanocarbon-based capacitive ASSSs (e.g., activated carbon, [11] carbon nanotube, [12] graphene [13] [14] [15] ) exhibit low volumetric capacitance, [16] while pseudocapacitive ASSSs based on conducting polymers and metal oxides show poor rate capability and cycling stability, which greatly limit their practical applications. [17, 18] To overcome these severe drawbacks, nanocarbon-based composites with conducting polymers or metal oxides are constructed to form novel electrode
To construct the stacked-layer heterostructure film, we selected two types of different solution-processable nanosheets: one is the redox TP nanosheets (Figure 1a-e) , and the other one is the capacitive EG nanosheets (Figure 1f -i). The 2D redox TP nanosheets were fabricated by hierarchical self-assembly of the polymer consisting of the tetra(ethylene glycol)-disubstituted phenyl-capped bithiophene (Ph2TPh) monomers linked by 1,2,3-triazole units in 1,2-dichlorobenzene (DCB) solvent through artificial polymer folding, in which the TP units are stacked with each other and the folded copolymer further selfassembled into a 2D sheet structure (Figure 1a -e, Figures S1 and S2, See Experimental Section in the Supporting Information). [32] [33] [34] Since the copolymer has the folded conformation, the single-layer TP nanosheet has a thickness of about 3.5 nm, Adv. Mater. 2017, 29, 1602960 www.advancedsciencenews.com www.advmat.de as confirmed by atomic force microscopy (AFM, Figure 1d ,e), and a lamellar structure, as revealed by wide-angle X-ray scattering measurements. [32] Transmission electron microscopy (TEM, Figure 1c , Figure S1 , Supporting Information), scanning electron microscopy (SEM, Figure S2 , Supporting Information) and AFM (Figure 1d ,e) images show the lateral size ranging from submicrometer to several micrometers. It should be mentioned that TP is one of the advanced active materials for high-capacitance pseudocapacitors, [35] [36] [37] [38] particularly with the fabricated 2D TP nanosheets holding great promise for electrochemical energy storage. On the other hand, electrochemically EG nanosheets with high conductivity and good solution processability were chosen to process uniform thin films for flexible supercapacitors. To this end, a straightforward and fast electrochemical protocol was applied for direct exfoliation of graphite into high-quality EG sheets (Figure 1f -i, See Experimental Section in the Supporting Information). [39] The fabricated EG nanosheets have a high yield (>80% of ≤3 layers), large lateral size (10 μm), high electrical conductivity, and excellent solution processability (e.g., 1 mg mL −1 in N,N′-dimethylformamide (DMF)), which are favorable for manufacturing large-area and highly conductive heterostructure films. [40] Subsequently, the TP/EG heterostructure films were fabricated by alternating deposition of the TP nanosheets in DCB and EG nanosheets in DMF in a controlled sequence, and subsequently dry-transferred on Au-coated PET substrates (Inset in Figure 2a ). Using this approach, large scale, continuous, uniform heterostructure films were readily produced. For instance, a film with a stacked-layer EG/TP/EG/TP/EG structure ( Figure S3 , Supporting Information), and a thickness of around 105 nm (Figure 2b,c) , was obtained by alternating depositing each dispersion of EG (5 mL, 0.1 mg mL −1 , three times) and TP nanosheets (5 mL, 1 × 10 −4 m of monomer unit concentration, two times) (lower inset in Figure 2a ). Interestingly, the large-area continuous EG layers, as shown in Figure 2d , could provide enough spatial confinement making the adjacent redox TP layers spatially separate in between the adjacent capacitive EG layers. Moreover, the obtained TP/ EG films presented high electrical conductivity of 40 S cm as-fabricated heterostructure films with rich nanoporous structure ( Figure S4 , Supporting Information) as electrodes for supercapacitors are free of polymer binder and carbon additive, and exhibited a pronounced redox response ( Figure S5 , Supporting Information) and good stability in acidic gel electrolyte of polyvinyl alcohol (PVA)/H 2 SO 4 ( Figure S6 , Supporting Information). Given the above advantages, the flexible TP/EG-ASSSs were first assembled by two as-fabricated heterostructure films on Au-coated PET substrates as the working electrodes, in which the gel of PVA/H 2 SO 4 acting as both electrolyte and thin separator was sandwiched in between them. [41] Finally, the flexible pseudocapacitor was obtained with an electrode-separator-electrolyte integrated structure (Figure 3a) .
The electrochemical behavior of the resultant TP/EG-ASSSs was evaluated by means of cyclical voltammograms (CV) at different scan rates from 1 mV s −1 to 100 V s −1 (Figure 3b,c) . For comparison, ASSSs based on EG films (a thickness of ≈100 nm, denoted as EG-ASSSs) were assembled under the same procedure, without involvement of the TP component. Apparently, the TP/EG-ASSSs exhibited pronounced redox peaks particularly at low scan rate from 1 to 500 mV s −1 , corresponding to the pseudocapacitive reaction of TP layers Adv. Mater. 2017, 29, 1602960 www.advancedsciencenews.com www.advmat.de ( Figure 3b , Figure S5 , Supporting Information). In sharp contrast, the CVs of EG-ASSSs presented a typical box-like shape, indicating electric double layer capacitive behavior ( Figure S7 , Supporting Information). Notably, the TP/EG-ASSSs showed higher areal capacitance of 3.9 mF cm −2 , in comparison with EG-ASSSs, 1.5 mF cm −2 at 1 mV s −1 . Further, the TP/EG-ASSSs (2.4 mF cm −2 at 500 mV s −1 ) presented better rate capability than EG-ASSSs (1.0 mF cm −2 for at 500 mV s −1 , Figure S8 , Supporting Information). The higher areal capacitance for TP/ EG-ASSSs verified the substantial involvement of pseudocapacitve charge storage. Accordingly, the TP/EG-ASSSs delivered an ultrahigh volumetric capacitance of ≈375 F cm −3 , much higher than the ASSSs fabricated based on EG film (139 F cm −3 ), activated graphene (60-100 F cm −3 ), [42] laser scribed graphene films (9.7-10.6 F cm −3 ), [27] and liquid-mediated graphene films (261.3 F cm −3 ), [3] and most conducting polymer-based films (Table S1, Supporting Information). Further, the TP/EG-ASSSs exhibited a significant volumetric capacitance of 62 F cm −3 at 100 V s −1 (Figure 3c,d) . These results further demonstrated the essential merits of the unique heterostructure films for energy storage.
The Ragone plot related to energy and power densities calculated by integrating the CV curves at different rates against the volume of two electrodes is shown in Figure 3e . Remarkably, an ultrahigh energy density of 13 mWh cm −3 was attained for TP/ EG-ASSSs. By contrast, EG-ASSSs showed only 4.9 mWh cm −3 . Power densities of 776 and 317 W cm −3 were obtained for TP/ EG-ASSSs and EG-ASSSs, respectively. As revealed by the time constants (obtained by dividing the energy density by the power density), the TP/EG film was capable of rapid storing energy, in particular, 4.5 mWh cm −3 for TP/EG-ASSSs could be completely recharged within an extremely short time of 50 ms, much shorter than the recharge time of >16 min for storing the same energy density for EG-ASSSs.
Electrochemical impedance spectra of the TP/EG-ASSSs and EG-ASSSs measured in a frequency range from 0.01 Hz to 100 kHz are compared in Figure 3f . Obviously, the TP/EG-ASSSs in a high frequency Nyquist plot showed an equivalent series resistance (ESR) of 2.4 Ω, much smaller than that of 3.6 Ω for EG-ASSSs (Inset in Figure 3f ). Further, no semicircle was observed for TP/EG-ASSSs in the high-frequency region, suggestive of ultrasmall charge transfer resistance. The plot of the phase angle against the frequency reveals the characteristic frequency f 0 at the phase angle of −45° was 835 Hz for TP/EG-ASSSs, much higher than that for EG-ASSSs (98 Hz). Accordingly, the time constant τ 0 (τ 0 = 1/f 0 ) that represents the minimum time to discharge ≥50% of all the energy from the device was only 1.2 ms for TP/EG-ASSSs, whereas 10.2 ms was required for EG-ASSSs. The characteristics of low ESR, ultrasmall charge transfer resistance, and short time constant validated the excellent charge and discharge capability of the TP/ EG-ASSSs.
To further evaluate the potential for flexible energy storage, the TP/EG-ASSSs were implemented under different bending conditions and the electrochemical performance was analyzed, as demonstrated in Figure 3g ,h. It is appeared from the CVs that the bending had almost no effect on the capacitive performance. The cycling stability of TP/EG-ASSSs was measured at a scan rate of 100 mV s −1 for 10000 cycles (Figure 3i, Figure S9 , Supporting Information), and the capacitance showed slight degradation after long-term cycles, maintaining ≈86% of initial capacitance, which is superior to the pure TP films for ASSSs ( Figure S10 , Supporting Information).
To meet the requirements for lightweight, flexible, and miniaturized electronic devices, [8] we further demonstrate the concept of the planar MSCs (TP/EG-MSCs) using the interdigital electrodes of TP/EG heterostructure film and thus covered by a PVA/H 2 SO 4 gel electrolyte (See details in the Supporting Information). Note that the widths of the well-defined interdigited fingers and interspace are of ≈210 and ≈70 μm, respectively ( Figure S11, Supporting Information). Figure 4a,b illustrates the planar device geometry and fast charge-discharge mechanism of the resultant TP/EG-MSCs, respectively. The CV curves measured at low scan rates, e.g., 100 mV s −1 , exhibited an impressive pseudocapacitive behavior due to the presence of TP nanosheets. Notably, the fabricated microdevice could perform well in a wide range of scan rates up to 1000 V s −1 , ten times higher than that of the sandwiched TP/EG-ASSSs (Figure 3b,c) . This is essentially attributed to the synergetic effect of planar device geometry with ultrashort ion diffusion pathway and the strong coupling of both 2D TP nanosheet and graphene in heterostructure film, allowing for ultrafast transport of the electrolyte ions along the planar surface of nanosheets ( Figure 4b ). The areal capacitance and volumetric capacitance of TP/EG-MSCs as a function of scan rates are given in Figure 4d . Remarkably, the TP/EG-MSCs delivered an areal capacitance of 3.42 mF cm −2 and volumetric capacitance of 326 F cm −3 at 10 mV s −1 , both of which are superior to those of the sandwiched TP/EG-ASSCs (3.35 mF cm −2 and 319 F cm −3 ). More importantly, the resultant MSCs offered a higher capacitance operated at a high rate. For instance, 1.30 mF cm −2 and 123 F cm −3 were obtained at 100 V s −1 . On the contrary, the specific capacitance of the sandwiched TP/EG-ASSCs declined quickly, exhibiting much lower capacitances at the same rate (Figure 3d ). In addition, the TP/EG-MSCs exhibited good electrochemical stability under a flat and bending state, and 97% of the capacitance in a flat state was kept even at a bending degree of 180° (Figure 4e ).
The outstanding electrochemical performance of the TP/ EG-based compact supercapacitors is attributed to the unique stacked-layer heterostructure film with an integrated synergetic effect of ultrathin pseudocapacitive TP nanosheets and capacitive EG nanosheets: First, the heterostructure films feature high electron conducting pathway of EG layer, 2D parallel ion channels between the EG and TP layers. Note that these key advantages can maximize the utilization of the high surface area of ultrathin 2D nanosheets for accelerating fast surface redox reaction and ion adsorption. As a result, they can remarkably bring in additional pseudocapacitance and electrical double layer capacitance. [19] Second, the EG nanosheets sandwiched between redox TP layers not only serve as the electrical double active layer for delivering capacitance, [43] but also as the electrically conductive layer for rapid electron transport, leading to high rate capability. Third, the ultra-thinness and mechanically flexibility of the 2D nanosheets in the established heterostructure film could efficiently form a densely packed film, which benefits for the enhancement of the volumetric capacitance and the flexibility of thin film supercapacitors. [40, 44] In summary, we demonstrate the fabrication of high-performance all-solid-state pseudocapacitors and MSCs based on the 2D heterostructure film of ultrathin TP and EG nanosheets, in which the assembled TP/EG-ASSSs exhibited impressive volumetric capacitance, high energy density, and power density, and TP/EG-MSCs showed superior rate capability working well up to 1000 V s −1 and remarkable flexibility under different bending states. This new stacked-layer heterostructures films, with an integrated synergetic effect of ultrathin pseudocapacitive TP nanosheets and capacitive EG nanosheets, ganrantee fast ion diffusion and electron transport throughout the binderfree compact film electrode. We believe that this strategy of assembling stacked-layer heterostructure films will open up novel possibility for realizing 2D graphene and analogous redox nanosheets for new-concept thin-film energy storage devices.
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